Respiration can cause tumors in the thorax or abdomen to move by as much as 3 cm; this movement can adversely affect the planning and delivery of radiation treatment. Several techniques have been used to compensate for respiratory motion, but all have shortcomings. Manufacturers of computed tomography ͑CT͒ equipment have recently used a technique developed for cardiac CT imaging to track respiratory-induced anatomical motion and to sort images according to the phase of the respiratory cycle they represent. Here we propose a method of generating CT images that accounts for respiratory-induced anatomical motion on the basis of displacement, i.e., displacement-binned CT image sets. This technique has shown great promise, however, it is not fully supported by currently used CT image reconstruction software. As an interim solution, we have developed a method for extracting displacement-binned CT image data sets from data sets assembled on the basis of a prospectively determined breathing phase acquired on a multislice helical CT scanner. First, the projection data set acquired from the CT scanner was binned at small phase intervals before reconstruction. The manufacturer's software then generated image sets identified as belonging to particular phases of the respiratory cycle. All images were then individually correlated to the displacement of an external fiducial marker. Next, CT image data sets were resorted on the basis of the displacement and assigned an appropriate phase. Finally, displacementbinned image data sets were transferred to a treatment-planning system for analysis. Although the technique is currently limited by the phase intervals allowed by the CT software, some improvement in image reconstruction was seen, indicating that this technique is useful at least as an interim measure.
I. INTRODUCTION
Respiration can cause tumors in the thorax and abdomen to move by as much as 3 cm, and this motion can be problematic when planning and delivering radiation treatment.
1-4 Until recently, tumor motion was visualized using respirationgated computed tomography ͑CT͒ imaging 5 or CT imaging enhanced by breath-hold techniques. 6 However, several manufacturers of CT imaging equipment have adopted techniques developed for cardiac CT imaging to acquire image data at specified phases over several respiratory cycles and have then combined the information into phase-binned data sets. 7, 8 As long as the motion to be visualized is reasonably periodic, the resultant phase-dependent CT image data sets can serve as accurate substitutes for the time-dependent CT image data sets. Keall et al. 9 initially modified cardiac phase binning techniques for use in imaging respiratory motion using images acquired by a commercial helical CT scanner ͑Mx8000 IDT v2.5, Philips Medical Systems, Cleveland, OH͒. Respiratory phase-dependent imaging is based on tags generated by a commercially available respiratory monitoring system ͑RPM™ v1.4.8, Varian Medical Systems, Palo Alto, CA͒ that are placed in the CT sinogram file. The RPM system optically tracks an external fiducial marker and fits a predictive filter to the motion allowing the generation of a tag demark-ing the occurrence of a given respiratory phase ͑we generally use end inspiration͒. This tag is then transmitted in real time from the RPM system to the CT scanner system. The CT scanner system then uses the existing CT hardware and software to place the tag in the sinogram during data acquisition. There is currently no software that will support the repositioning of the tag, so the need to generate tags based on a predictive filter is inherent to the current CT scanner system. The CT scanner system software treats each tag in the sinogram as if it occurred at 0% phase on a 0%-100% scale. The software in the CT scanner system divides the respiratory cycle into a user-specified number of phases and bins the projections acquired in the vicinity of each phase point. The projections are collected at angles ± centered about each phase point, where the choice of half-scan reconstruction ͑identified as 180°arc͒ or full-scan reconstruction ͑identified as 360°arc͒ is available. These binned projections are reconstructed to generate phase-binned CT image data sets.
This technique can result in imaging artifacts as illustrated in Fig. 1 , which shows a midsagittal reconstruction of a phase-binned CT image data set acquired from a patient. Note the irregularities in the anterior surface of the patient. These irregularities are caused predominantly by two factors. First, the placement of the phase-based tag in the sinogram file by the RPM system is determined by a predictive filter rather than by the actual extent of motion of the fiducial marker that monitors the respiratory cycle. Delivering the tag on the basis of predictive filtering is actually a reasonable design decision, given that the point at which the tag is placed must be determined in real time. Also, real-time prediction and accounting of respiratory motion is a goal of radiation therapy. However, because respiratory cycles are typically slightly irregular, the tag is rarely placed at precisely the maximum point of inspiration.
The histogram in Fig. 2 shows how the predictive filter of the RPM often misses the time of peak abdominal displace- FIG. 3 . A histogram showing that for our one-patient study, that the end inspiration displacement of each individual cycle about the mean peak is less than the predictive filter's attempt to determine end inspiration. The predictive filter is designed to anticipate peak abdominal excursion of end inspiration. The frequency distribution of end inspiration varies about 1.9 cm by at most 0.2 cm. However, the predictive filter misses the mean peak abdominal excursion by as much as 0.8 cm. Because the images are reconstructed on the basis of the predictive filter, this histogram represents the differences in abdominal excursion between the reconstructed images and the desired images for displacement-based binning. This variation is one cause for the discontinuities demonstrated in Fig. 1.   FIG. 1 . A midsagittal plane reconstruction through one phase of a 4D data set acquired from a patient. The irregularities and missing segments in the anterior surface are typical artifacts that can be produced in this type of study. These artifacts are due to incomplete or mismatched data resulting from the combination of irregular breathing and prospective phase-based binning.
FIG. 2. A histogram
showing the variation in times between the amplitudedetermined end inspiration and that reported by the RPM predictive filter. The left-hand side of the graph shows that only two tags are sent before end inspiration. In general, the predictive filter sends a tag an average of 0.148 s after end inspiration. ment ͑end inspiration͒ shown by the motion of the external fiducial marker. Note that the bin size of the histogram in Fig. 2 obfuscates the fact that only three of the 21 tags sent during simulation were sent at or before end inspiration. With this is mind it is sensible to report that on average, the predictive filter sent a tag 0.148± 0.150 s after end inspiration. Also, differences of as much as 0.430 s occurred between actual end inspiration and tag delivery, which is sizeable compared with the 0.5 s gantry rotation time used in this study.
These differences in time translated into an average miss of peak abdominal excursion by −0.19± 0.18 cm, where one tag was sent to the scanner 0.65 cm after full abdominal excursion occurred. Peak abdominal excursion occurred predominantly at 1.9± 0.1 cm, and the histogram in Fig. 3 shows that for this study, the peak ͑end inspiration͒ varied by 0.2 cm at most. However, with the small variations in peak displacement in this case, the predictive filter missed the mean peak displacement of 1.9 cm by as much as 0.8 cm.
The second cause of the irregularities shown in Figs. 1-3 is that, despite both audio prompting ͑telling the patient when to breathe 10 ͒ and visual feedback ͑showing the patient how deeply to breathe͒, irregularities in the patient's respiratory cycle can cause the relationship between the displacement of the external fiducial marker and the respiratory phase to differ during the cycles. Figure 4 shows the fiducial marker displacement as a function of the phase of the respiratory cycle, with each line representing one of 21 contiguous breathing cycles. The plot was scaled so that end inspiration occurred at 0% and 100%, whereas the displacement values were shifted upward so that the average minimum displacement was centered at 0.0 cm ͑±0.2 cm͒. This figure shows that even with accurate phase binning, maker displacement can differ by as much as 1 cm, depending on the point in the respiratory cycle being binned.
As a possible way to circumvent this problem, we hypothesized that cycle-to-cycle consistency might be improved by retrospectively binning the projections on the basis of the displacement of the external fiducial marker rather than by prospectively determining the phase of the respiratory cycle.
Displacement-type binning is not new, the imaging community has reported on amplitude binning techniques using surrogates, such as a pneumatic bellow, EKG, 11 and spirometer 12 to name a few. However, the present software in the CT scanner system does not support displacement-based binning. Still, it is possible to extract the equivalent of displacement-binned image data sets from a set of phasebinned data sets using the RPM system. We describe here a technique for extracting appropriate displacement information to allow the displacement-based binning of CT images from phase-based reconstructions. 
II. MATERIALS AND METHODS

A. CT image acquisition
CT images of the patient's thorax were acquired on a 16-slice helical CT scanner ͑Mx8000-IDT v2.5; Philips Medical Systems͒. Imaging and reconstruction parameters are given in Table I, while Table II details the nominal time a particular voxel is illuminated using the lowest pitch available in the software protocol.
The patient was imaged using a modified cardiac protocol. 7 Because the original protocol was designed for heart imaging, the unmodified software expects the shorter cardiac period between ECG pulses before it will function. The longer respiratory period between pulses sent by the RPM device is interpreted by the scanner software as a signal that the patient needs medical attention, so the scanner will not initialize to allow imaging. Software modifications have been added to the system to correctly interpret the longer period between respiratory pulses.
Because the four-dimensional ͑4D͒ technology is still in development, the system was implemented clinically under an IRB-approved investigational protocol ͑ID 00-202 "Assessing three-dimensional tumor motion and treatment volume in radiotherapy of lung cancers using CT and MRI"͒. Informed consent was obtained from the patient, a man with stage IIIB T4N2M0 adenocarcinoma of the right lung.
Normal respiration for this patient was a period of about 5 s. To attain better temporal resolution and maintain reasonable coverage, the gantry rotation was set to the fastest value allowable, 0.5 s, which still allows the patient to maintain a reasonable breathing rate. We used a pitch of 0.125, the lowest value allowable, which resulted in a table travel of 6 mm/ s. Half-scan reconstructions were performed for all cross sections.
For imaging, the patient was placed supine in the CT scanner in a standard immobilization device used for thoracic radiation therapy ͑VacLoc; Med-Tech, Orange City, IA͒. Respiration was monitored using the Varian Medical Systems RPM system, with an external fiducial marker placed on the patient's abdomen. The motion of the fiducial marker was tracked using an infrared light source and a charge-coupled detector camera. Displacement of the fiducial marker is determined using a known spacing of two reflecting dots on the fiducial marker for calibration.
The patient was instructed to breathe normally for several respiratory cycles. During this time, the respiratory rate and the magnitude of the fiducial marker's displacement were monitored. The patient was then coached by means of a computer program to breathe regularly. The program gave the patient an audible instruction to breathe in or breathe out at a frequency set near the patient's own free-breathing rate. 10 Feedback was provided by a visual prompt in the RPM, consisting of a thick horizontal line representing the magnitude of the displacement of the fiducial marker and a thin horizontal line that moved up and down to indicate the instantaneous position of the fiducial marker. The patient was instructed to breathe in a manner so that the thin line moved over the extent of the thick line without moving it outside its boundaries. The visual prompt was displayed on a flat-panel monitor mounted behind the patient and made visible to the patient by a mirror assembly.
When looking at a graph of the respiration cycle, end inspiration and end expiration appear to be the most reproducible points in the respiratory cycle. The respiratory monitoring system was configured to deliver a 5 V, 50 ms pulse to the CT scanner at end inspiration. Software in the CT scanner system placed tags in the raw sinogram file at the time each pulse occurred.
B. Projection sorting
Time synchronization
At the conclusion of image acquisition, a set of prospective phase-based reconstructions was made from the raw sinogram using the cardiac phase binning protocol software. The present reconstruction software limits reconstruction to an arbitrary choice of up to 10 phase bins per reconstruction process. Two sets of reconstructions each using 10 phase bins were generated, providing reconstructions at 5% intervals starting at 0% and finishing at 95% of the respiratory cycle. For this study, 20 series sets of 147 images are generated resulting in 2940 images to be rebinned. In-house software was developed using the Matlab ͑Matlab 7.0; The MathWorks, Natick, MA͒ environment to extract and report a listing of the file location, date, time, couch position, and phase as reported in the Digital Imaging and Communications in Medicine ͑DICOM͒ headers of the CT images contained in all of the projection series and to correlate these data with a respiratory monitoring file from the RPM system. This data file contains information denoting the state of the monitoring system approximately every 33 ms. For each 33 ms time interval, the system reports the following:
͑i͒
The study time from the start of the recording in thousandths of a second. ͑ii͒ Whether or not a tag is sent to the CT scanner to be written into the sinogram. ͑iii͒ The phase of the respiratory cycle. ͑iv͒ The absolute displacement of the external fiducial marker from a reference near or at the top of the camera screen.
The locations of the prospective tags in the respiratory monitoring file were initially assumed to directly correlate to the times reported in the DICOM headers of the images reconstructed at the 0% phase. By noting the intervals between tags in the two data files, we correlated the intervals between the respiration-monitor tags to the intervals between the 0% phase images. This correlation was accomplished by choosing a tag n as the time t sync that best minimized
Here,
is the ordered set of N respiration-monitor tags and
is the ordered set of M unique 0% phase tags extracted from the DICOM headers. Table III shows an example of the cal culation of the correlation coefficient 1 2 . Moreover, because a multislice scanner can simultaneously acquire information for more than one limited thickness, we only needed the unique time at which the multiple 0% phase images were acquired. The quantity t sync was the time value needed to synchronize the clock times as reported in the different data sets and can be assumed to be limited to TABLE III. This table shows the time the 0% phase tag was sent to the CT scanner by the respiration-monitoring system and compares it to the time listed in the DICOM header information for that image. For the RPM data set, the reported time is shifted so that the first data point occurring in the respiratory monitoring file is zero. The times in the DICOM data set are shifted so that the first 0% image is zero ͑other phase images may be acquired earlier͒. Note that n = 17 corresponds to a choice of t sync = 69.436. The ordered set of respirationmonitor tags is listed in the third column, and the ordered set of 0% phase tags is listed in the sixth column. The far right column shows how 1 2 = 0.1 was determined from summing the differences of the intervals. t sync = t n,RPM tag , where n = 1, ... ,N − M + 1.
͑4͒
In comparing the various values of t n,RPM tag , we found that the lowest correlation value, 1 2 = 0.1, a factor of 40 less than the next lowest correlation value, occurred when n = 17. This indicated that tag n = 17 was the best choice for t sync . Table III shows that n = 17 corresponded to t sync = 69.436 s and shows how 1 2 = 0.1 was determined. It also shows that, unless a respiratory tag is missed or incorrectly noted, 18 choices of t sync are available.
Assigning displacement and slope to CT images
Once t sync was determined, we translated all of the CT images so that they were referenced with respect to the respiration-monitor data. So
The respiratory data file showed the displacement of the external fiducial marker from an arbitrary starting point as a function of time. By assuming that the data accumulated by the RPM system was a continuous function D͑t͒, we associated a new property, abdominal displacement, with each of the CT images.
Determining the displacement of end inspiration and end expiration
To decide where to place the displacement bins, displacements describing end inspiration and end expiration were determined. This seemed to be best achieved by careful consideration of the extrema of interest in the respirationmonitoring file. The average of the maxima was typically understood to be end inspiration, and the average of the minima correlated to end expiration.
These averages can be chosen graphically so that one can visually reject spurious or inappropriate extrema, such as shudders in breathing or patient confusion. However, to facilitate reproducibility and automation, a two-step algorithm was devised to provide an acceptable average minimum and maximum displacement. In the first step, the average displacement corresponding to end inspiration was determined by averaging all of the local maximum displacements, D k , that were a small threshold distance, D Threshold , above a midpoint displacement, D Midpoint . Mathematically, this can be written as
Our initial guess for the midpoint displacement was
and for the threshold distance was
We defined D top as the average of the acceptable maxima above our midpoint. Similarly D bottom was the average of the acceptable minima below our midpoint.
Oscillations in the respiratory signal, though easily rejected by the eye, can lead to mathematically spurious extrema. Consequently, new extrema were determined by repeating the above steps with
and
where ␣ = 0.5. This value of ␣ should be sufficient, but threshold determination can be iterated by changing ␣ such that 0.5ഛ ␣ ഛ 1. This is the second step of the procedure. A desired progression scheme for choosing ␣ and hence the threshold is dependent on the characteristics of the respiration-monitor signal. End inspiration, D top , and end expiration, D bottom , for this study were chosen by averaging the set of acceptable maximum or minimum displacements recorded in the respirationmonitoring file that were greater than one-half the average of all extrema.
Determining displacement bins
The interval between the displacements corresponding to end inspiration and end expiration was divided into a desired number of displacement bin lines. Typically, 10 displacement bins were used so that
for the displacement of bin line n out of N = 6 desired bin lines. Table IV shows an example of this division into 10 bins. Using the notation of 0d and 20d to differentiate displacement-based binning from 0% and 20% phase-based binning, Figure 5͑a͒ shows how the various choices of dis- 
where top and bottom represent the errors corresponding to end inspiration and end expiration, respectively. Figure 5͑b͒ shows how the respiratory trace can interpolate the image displacement, D k,image new , at image time t k,elapsed new . Note that, for clarity, phase-based image data are displayed only for the 10-percentage-point intervals ͑e.g., 0%, 10%, 20%͒, and the display of image data at the midpoint intervals ͑e.g., 5%, 15%, 25%͒ is suppressed. In addition to displacement, another identifier was needed to indicate whether the image was acquired during inspiration or expiration. One way to do this is to use the sign of the slope, s k,image new . Positive slope designated inspiration, and negative slope designated expiration. At maximum and minimum displacement, the slope at that time interval is ideally zero because respiration is at a state of extremum. However the practice of requiring a zero slope severely limits the choice of available images. For this study, any slope ͑positive, negative, or zero͒ was deemed acceptable for maximum and minimum displacement, but further refinement would suggest choosing images with a slope of small magnitude.
Figure 5͑b͒ also shows the relationship between the images and the 20d binning amplitude. Because a multislice scanner can acquire several slices simultaneously, it is not unusual for the number of displacement positions to be less than the number of images acquired in the study. Because Table  IV compare to a respiratory trace during an entire 4D session. Also shown is the variation in amplitude for the locations of images that most closely corresponded to 0d and 20d. ͑b͒ A detailed view of the respiratory trace showing the displacements of the images reconstructed by the CT software. Images are generated at 5% intervals of phase; however, only the image displacements for the 10-percentagepoint intervals ͑e.g., 0%, 10%, 20%͒ are displayed for clarity. The dashed line was chosen as the 20d displacement-based binning amplitude. The large hollow squares denote some the images that are nearest to the 20d displacement amplitude.
this phase is supposed to occur on expiration, all of the squares occur in regions with a negative slope.
Filling couch positions
The displacement-based binning algorithm was completed by identifying all of the couch positions that needed to be filled for an acceptable and complete simulation. Approaching the solution from this point of view provided the robustness of choosing unequally spaced slices.
Thus, we were able to determine which couch positions needed to be filled and then found the set of images with displacement points, D k,image new , that were closest,
to the ideal displacement, D n , within some error tolerance, .
As a further refinement, the set was also limited on the basis of slope. After this procedure was completed for all couch positions, we determined which positions were left unfilled, and expanded the acceptable error tolerance margins, , to fill those couch positions.
C. Transferring images
The next step was to transfer the data to the treatmentplanning system ͑Pinnacle;
3 Philips Medical Systems, Milpitas, CA͒ for display and analysis. When the files were imported into the treatment-planning system, it was noted that each subset of files originating from a separate series folder was transferred as a group. Tables V and VI detail the phasebased images and their couch positions that completed a full inspiration and near mid-expiration displacement-based series. The 0d set consists of 28 phase images at 0%, 16 at 5%, 7 at 10%, 6 at 85%, 26 at 90%, and 63 at 95%, suggesting that the 95% prospectively determined phase in this study is predominantly full inspiration. The 20d set consists of 1 phase image at 0%, 7 at 5%, 22 at 10%, 57 at 20%, 38 at 25%, 15 at 30%, and 6 at 95%, phase images suggesting that the 20% prospectively determined phase in this study is our predominant choice of mid-expiration. To combine the phase-based image data sets, it was necessary to use a concatenation utility in the treatment planning system. TABLE V. A summary of the collected prospective phase-based images and their couch positions that complete an end inspiration displacement-based series. Couch position −133 mm is an image of the most superior position of the patient, and −571 mm is the most inferior. Note that consecutive couch positions were 3 mm apart, with couch position −388 mm left unfilled so that only 146 of 147 positions were filled. The notation of 0d is used to differentiate displacement-based binning from 0% phase-based binning. The 0d set consists of 28 phase images at 0%, 16 at 5%, 7 at 10%, 6 at 85%, 26 at 90%, and 63 at 95%, suggesting that 95% phase in this study is predominantly full inspiration.
Patient TABLE VI. A summary of the collected prospective phase-based images and their couch positions that complete a near mid-expiration displacementbased series. Couch position −133 mm is an image of the most superior position of the patient, and −571 mm is the most inferior. Note that consecutive couch positions were 3 mm apart, with couch position −391 mm left unfilled so that only 146 of 147 positions were filled. The notation of 20d is used to differentiate displacement-based binning from 20% phasebased binning. The 20d set consists of 1 phase image at 0%, 7 at 5%, 22 at 10%, 57 at 20%, 38 at 25%, 15 at 30%, and 6 at 95%, suggesting that 20% phase in this study is predominantly our choice of mid-expiration.
Patient 
III. RESULTS AND DISCUSSION
Figures 6 and 7 show examples of displacement-based and phase-based binning. All images are reconstructions of the sagittal and coronal midplane. Figure 6 displays the set at end inspiration and Fig. 7 depicts an image set near midexpiration. External contours of the skin were added to the sagittal images to aid in differentiating the displacementbased binning and phase-based binning images.
The acceptable error tolerance, , was chosen to be the bin interval, 0.4 cm, so both displacement-based image sets fill only 146 of a possible 147 couch positions. This unfilled position could also be remedied by reconstructing at other finer phase-based intervals. Reconstruction at a finer phasebased interval is also a way to reduce the acceptable error tolerance.
Obvious differences between midsagittal phase-based and displacement-based binning could not be detected, except in the inferior region, where the anterior surface of the abdomen appeared to be less variable in the displacement-based binned images. The depictions of the displacement of the stomach wall and contents were markedly different on the mid-expiration-based images and end inspiration-based im- FIG. 6 . Sagittal and coronal midplane views of end inspiration, ͑a͒ amplitude binned ͑0d͒ sagittal, ͑b͒ phase binned ͑0%͒ sagittal, ͑c͒ amplitude binned ͑0d͒ coronal, and ͑d͒ phase binned ͑0%͒ coronal. The contour on the sagittal 0d data set represents the location of the skin surface from the corresponding 0% data set. Similarly, the contours on the 0% sagittal data set represent the skin surfaces from the 0d data sets. These images show that there are qualitative improvements in image quality between phase and amplitude binning, in particular, near the dome of the diaphragm and along the skin surface.
ages. This difference appeared reasonable because diaphragm curvature changes less at end inspiration than at midinspiration, so the finite acquisition time associated with the CT gantry rotation will have less variation over the 5% phase intervals.
In both sets, the coronal images show qualitative improvement in the imaging of the diaphragm, especially an improvement in continuity along the left dome. The 20% mid-expiration image in Fig. 7 was prospectively binned, so two slices contained images of the diaphragm. This appeared in the sagittal image as a discontinuity along sharp edges on the posterior lung. The 20d mid-expiration image showed better continuity of the diaphragm near the posterior wall. The improvements over prospective phase-based binning seen through displacement-based binning suggest that, until a better predictive methodology is developed, retrospective binning algorithms may be superior when imaging is the sole reason for examining the entire thoracic region.
The implementation of phase-based binning in our study uses the beginning mark of the respiratory cycle to determine how to bin images. Provided the respiratory monitoring device is reasonably accurate, the use of slope in our method allows more information to better subdivide the physiologic state into inspiration or expiration. In Fig. 4 , end expiration FIG. 7 . Sagittal and coronal midplane views of mid-expiration, ͑a͒ amplitude binned ͑20d͒ sagittal, ͑b͒ phase binned ͑20%͒ sagittal, ͑c͒ amplitude binned ͑20d͒ coronal, and ͑d͒ phase binned ͑20%͒ coronal. The contour on each data set represents the location of the skin surface from the corresponding data set as shown in Fig. 6 . The qualitative improvements in image quality between phase and amplitude binning are more pronounced at mid-expiration than at end inspiration ͑Fig 6͒. is demonstrated to be reasonably localized so this potential gain is not realized for this study; however in future studies this use of slope to subdivide the respiratory cycle may prove to be a useful addition in accurately modeling patient geometry.
This method still has several flaws. Gaps in the reconstructed image, especially in the inferior region, resulted when the 6 mm/ s table travel resulted in table translation that was greater than the detector width during a respiratory cycle. For example, between tags 18 and 19, the table traveled 2.78 cm, which was greater than the detector width of 2.4 cm. Alternatively, Table III identifies the period of the respiratory cycle between tags 18 and 19 to be 4.640 s. From Table II , we see that the respiratory period is longer than the illumination time of 4.0 s so that the 0.640 s of the respiratory cycle is left unimaged. Consequently, not enough projections could be obtained to completely reconstruct the transverse CT image. The vendor has since modified the Mx8000 IDT system to allow slower table translation. In a phantom study, we have explored pitches as low as 0.023 or 1.1 mm/ s; these pitches should alleviate this problem. Another approach would be to acquire images in axial or ciné mode, 8, 12 or at the cost of decreased temporal resolution, the larger gantry rotation periods shown in Table II could be used as well. Our choice of D top = −3.3 cm and D bottom = −5.3 cm for image rebinning gives an average peak-to-peak amplitude of 2.0 cm, which is in contrast to the peak-to-peak displacement of 1.9 cm quoted in the introduction. The cause of this small difference lies in the fact that D top and D bottom are averages over the entire respiratory monitoring record whereas the peak-to-peak amplitude is an average over the extrema during the 4D simulation. This subjectivity in the choice of bin lines in Table IV and consequently the image rebinning process brings to light the debate of the function of 4D CT imaging. This study is not capable of addressing the question of whether the 4D CT functions to comprehensively account for the internal anatomy of the patient during simulation, to try to provide a representative simulation of a patient during radiotherapy treatment, or if there is a difference in these point of views. Also, CT cross sections are acquired over gantry rotation time scales. Rather than use the instantaneous displacement recorded in the respiratory monitoring file, we could have chosen to average the displacement over the temporal resolution of the image. This idea was explored for this study; however, very little change was observed in the rebinning process. The predominant effect of this type of averaging process was to flatten and reduce the magnitude of the peaks and valleys of the respiratory monitoring trace, whereas the mid-inspiration and mid-expiration retained their quantitative effects.
In the alignment of tags, we could also have chosen to minimize emphasizes the weighting of the overall time of the CT simulation more than does minimizing 1 2 . Both methods will yield the same solution if the respiratory signal has enough random fluctuations for each interval of the respiratory cycle. Both minimization algorithms produce degeneracies in choosing t sync for a perfectly periodic signal. As the respiratory signal approaches a near perfect periodic interval, the minimization algorithm will lead to numerical instability and incorrect results, an observation that we noted in a phantom study. 13 For the phantom study, the inclusion of an x-ray beam-on signal was sufficient to reduce the space of valid t sync ͑=t n,RPM tag ͒ to remove the degeneracy. In the case demonstrated in this paper, inclusion of a beam-on signal would reduce the choice of t sync to three, because beam-on would occur for approximately n ജ 16. However, if the degeneracy remains, other approaches can be used. 14 Finally, it is worth noting that in adapting the cardiacbinning system, 7 some of the power of the technology is underutilized. A strength of the cardiac algorithm is that it can use information acquired during uneven periods of slow geometric change in heart geometry but the software protocol only allows 180°and 360°reconstructions. Respiratory states of minimal geometric change can also be explored by allowing the user to vary the reconstruction intervals to values between 180°and 360°or greater than 360°. Alternatively, reconstructions generated by lowering the tube current and combining over scanned data could also be explored.
Nonetheless, rebinning prospectively phase-binned CT image data sets can be a dependable approach to displacement-based binning, and we have found that displacement-based binning improves the reliability of fourdimensional CT image acquisition using a multislice helical CT scanner. We can use this binning approach as an interim measure, because true displacement-based binning, in which a displacement tag is placed in the sinogram file at appropriate intervals, is likely to lead to more accurate and potentially more clinically useful image data sets. For the time being, however, true displacement-based binning is technically more complex. Such binning would probably also be able to involve the entire respiratory signal, thereby making the reconstruction of 4D data sets more specific and thus more clinically friendly. 
